Abstract: The hybrid Pseudomonas cepacia strain JHR22 was tested for its ability to degrade Aroclor 1221 in soil. The influence of supplements --mineral salts and trace elements --on the degradation was investigated. Disappearance of Arocior 1221 congeners, occurrence of metabolites, and release of chloride were measured under different conditions. After 45 days the hybrid organism, strain JHR22, was still present at high numbers in soil, independently of whether the soil had been sterilized prior to inoculation or not. There was only a minor difference in degradation efficiency between sterilized and untreated soil with about 70% release of chloride when 107 cells/g soil were inoculated. The whole hybrid pathway, originating from three different strains, was found to be stable under the conditions tested. Mineral salts did not significantly affect the degradation rate or survival of the hybrid strain.
Introduction
Degradation of xenobiotics in complex soil environments is influenced by a variety of parameters such as temperature, pH, water activity, mineral nutrients, partial pressure of oxygen and bioavailability. In addition, the presence of predators and inhibitory substances, such as heavy metals, are of importance. For certain chemicals, the absence or low cell numbers of organisms degrading them are the reasons for the persis-tence in the environment. The polychlorinated biphenyls (PCBs) belong to such a group of chemicals, which under natural conditions are degraded very slowly. Therefore, the addition of laboratory selected strains might help in order to bring about degradation of PCBs in environmental samples.
In the field of chlorinated biphenyl degradation, two main approaches can be mentioned. Aerobic degradation, which means ring cleavage without prior chloride elimination, and reductive dechlorination, which occurs under anaerobic conditions and leads to lower chlorinated congeners without ring cleavage. These lower chlorinated biphenyls are generally more accessible to aerobic degradation than the original higher chlorinated mixtures. 212 Recently, we tested a mixed culture of three pure strains for its ability to degrade Aroclor 1221 in soil [1] . The problems which occurred could be attributed to the fact that metabolites had to pass through the soil in order to reach the different members of the mixed culture. In the present study we used a hybrid strain for clean-up of soil, in which all segments of the pathways necessary for degradation of several low chlorinated biphenyls were combined in one strain.
Materials and Methods

Soil systems, analytical methods, and organisms used
The origin of soil and chemicals, construction of soil systems, addition of chemicals and organisms to the soil, and analytical methods have been described [1] .
The Biphenyl can only be used by those bacteria which contain the part of the pathway originating from Pseudomonas putida strain JHR, the donor strain of the second mating. Naturally occurring biphenyl-degrading organisms could easily be distinguished by growth rate and different colony morphology.
Stability of the hybrid strain JHR22
The stability of the entire degradative pathway in the hybrid strain was measured by plating appropriate dilutions of soil suspensions on different selective media which represent the different pathway segments. As shown in Scheme 1, salicylate can be utilized as sole carbon and energy source by all strains that were obtained during the development of Pseudomonas cepacia strain JHR22, including strain WR401. Therefore cell counts on this medium did not differentiate between entire hybrid ceils and those which might have lost parts of the hybrid pathway. The natural background of salicylate-degrading organisms in the soil was low enough to distinguish the added laboratory strain from the indigenous populations macroscopically by properties of colonies.
2-Chlorobenzoate utilization represents the stage reached after conjugation of strain WR401 with strain B13. Cells which had lost the ability to degrade chlorocatechols would not grow on this medium. Organisms able to use 2-chlorobenzoate as sole source of carbon were absent in the original soil. The hybrid strain Pseudomonas cepacia JHR22 was added to the homogeneously polluted soils (107 cells per g soil). To determine its potential for bioremediation, three different systems were investigated: pre-sterilized soil to eliminate influences of the original microbial population; nonsterilized soil; and a third system with non-sterilized soil supplemented with mineral salts to reach a final concentration as used in liquid culture [3] . The degradative hybrid pathway for chlorobiphenyls in strain JHR22 originated from three different sources. To investigate the stability of the entire pathway, the number of colony-forming ceils utilizing salicylate, 2-chlorobenzoate and biphenyl as the sole sources of carbon and energy was determined after different periods of incubation. A partial or complete loss of the genetic material necessary for the total degradation of chlorobiphenyls would show a significant differ- , and non-sterilized soil supplemented with mineral salts (zx) were used. Characteristics of the soil used were: water content, 33%; ash, 55%; and organic material, 12%. By the addition of 2% CaCO 3 the pH was adjusted to 7.1. The soils were incubated in a growth chamber in the dark at 22°C. 214 ence in cell counts between these three selective media. The autochthonous microflora did not contain 2-chlorobenzoate-degraders. In the natural soil the number of bacteria able to grow with biphenyl was below 100 cells per g soil. A morphologically uniform type of colonies of salicylate-degrading bacteria was present at a level of approximately 106 cells per g soil. However, because of a pronounced morphological difference in the colony type formed, colonies of strain JHR22 could be easily distinguished from this natural background.
As shown in Fig. 1A -C, there was no significant difference in cell counts of P. cepacia between the three types of selective media mentioned above, independent of the soil treatment. This indicates that there was no loss of genetic material from strain JHR22 during 45 days of incubation in soil. Both the genetic information received from strain B13 and from strain JHR remained stable in the receiving strain WR401 in the presence of chlorobiphenyls in the soil. The same stability was observed in pure liquid culture without selective pressure; even after 10 transfers on nutrient broth, medium lacking Aroclor 1221, the strain was found to be stable. No change of the degradative properties of strain JHR22 was found (data not shown). Strain JHR22 was still present at a level of about 104 cells per g non-sterilized soil after 45 days. The addition of mineral salts had no effect on the survival of the hybrid strain. The total cell number counted on nutrient broth medium was approximately constant in all three experiments. A difference was observed in the pre-sterilized soil between the total cell number and the counts on selective media. This was due to a contamination, which became visible after 20 days. :~ 500,. Slight differences were found in the mineralization rate of Aroclor 1221 between the differently treated soils (Fig. 2) . In each case, those Aroclor 1221 congeners which contained a nonchlorinated aromatic ring were mineralized after 8 days. Small quantities of 2-chlorobiphenyl remained in the non-sterilized soils until the end of the experiment. Congeners chlorinated in both phenyl rings were not converted at all. In contrast to the sterilized soil, in which 2-chloro-and 4-chlorobenzoate were detected as transient metabolites, 4-chlorobenzoate did not occur in the non-sterilized systems. In the latter cases, small amounts of 2,4-dichlorobenzoate were detected during the first days.
The data of the chloride release (Fig. 3) corresponded to the disappearance of PCB-congeners. The level of chloride, reached after 8 days, remained constant till the end of the experiment.
Discussion
Complete mineralization of PCBs cannot be achieved solely by anaerobic or aerobic natural microbial populations. Under aerobic conditions, degradation of chlorinated congeners stops at different stages so that chlorophenylcatechols, 215 meta-cleavage products, chloroacetophenones and chlorobenzoates accumulate as dead-end metabolites [4] [5] [6] [7] [8] [9] [10] [11] [12] . In contrast, anaerobic microbial treatment of PCB contaminated material leads to ortho-and para-substituted less chlorinated congeners [13-17] which will not be degraded further. Aroclor 1221 is a technical mixture of polychlorinated biphenyls (PCBs) which had not been used as frequently as the higher chlorinated mixtures Aroclor 1242 or 1254 in industrial processes. However, because of its high content of ortho-and para-substituted mono-and dichlorobiphenyls, it represents a useful model substance for studies of the aerobic degradation of material which had been pretreated anaerobically.
Different strategies of aerobic decontamination of soils polluted with lower chlorinated biphenyls by introducing microbial populations are now available for comparison (Scheme 2). First, the inoculation of biphenyl-growing strains into soil containing Aroclor 1221 leads to the formation of metabolites with chlorobenzoates as the main products. Since they are more water soluble than the chlorobiphenyls, they might even reach the groundwater. Therefore, the addition of biphenyl-utilizing and PCB co-metabolizing bacteria is a doubtful technique for the clean-up of soil. Second, we recently tested the usefulness of a mixed culture for degradation of Aroclor 1221 in soil. All necessary pathways, i.e. chlorobiphenyl-and chlorobenzoate transformation and chlorocatechol degradation were present, yet in different strains. However, a joint action of the original soil population and the added laboratory strains resulted in the formation of toxic metabolites which hindered degradation of Aroclor 1221 in non-sterilized soil, while the degradation was complete when the original soil population was eliminated before inoculation with the laboratory strains. The fact that metabolites had to pass through the soil in order to be transformed further by another member of the mixed culture was the reason for the problems in non-sterilized soil. The indigenous soil population transformed such a metabolite (4-chlorobenzoate) to a presently unknown, toxic compound. Therefore the added consortium did not survive long enough in the soil to bring about an effective degradation of .Aroclor 1221 accompanied by stoichiometric release of chloride [1] . In contrast, the hybrid-strain JHR22 circumvented this effect because of its ability to degrade completely all monochlorinated biphenyls including the critical compound 4-chlorobiphenyl and the resulting 4-chlorobenzoate. Therefore only a minor difference, concerning the chloride release, was observed between sterilized and non-sterilized soil when strain JHR22 was used. This hybrid strain contains genetic material from two donor strains, i.e. from Pseudomonas sp. B13 and from the biphenyl-grown Pseudomonas putida JHR. However, instability of the strain represents no problem during application of strain JHR22 in soil. After all degradable chlorobiphenyl congeners had been mineralized, cell counts of the hybrid strain JHR22 decreased continuously, probably due to starvation and predation. Extrapolating the data in Fig. 1A , total loss of the added hybrid strain, i.e. the microbial status of the original soil prior to inoculation, might occur within a period of approximately 90 days.
The data presented here clearly show that the presence of a hybrid pathway, which brings about total degradation without major accumulation of metabolites, achieves a much better degradation of Aroclor 1221 in soil than a mixed culture consisting of biphenyl and chlorobenzoate degraders or a population which has been enriched with biphenyl.
